Convergent evolution in similar environments constitutes strong evidence of adaptive evolution. 21
Mandible shape was primarily influenced by phylogenetic history, thus discarding the hypothesis of 28 convergent evolution. 29
The biomechanical properties of the jaw were then investigated. Incisor in-lever and temporalis out-30 lever suggested an increase in the velocity of incisor biting, in agreement with observations on 31 various carnivorous and insectivorous rodents. The mechanical advantage related to incisor biting 32
Introduction 44
Convergent evolution in response to similar environments constitutes one of the most convincing 45 lines of evidence for adaptive evolution (Harmon et al. 2005) . It has been shown in traits as diverse as 46 limbs in lizards (Losos et al. 1997 ), plates, pelvis shape and oral jaws in fishes (Albertson et al. 2003 ; 47 Shapiro et al. 2006; Marchinko and Schluter 2007) , and head morphology in snakes (Aubret and 48 Shine 2009). However, similar functional performance can be achieved by different shapes 49 (Wainwright et al. 2005) . Regarding complex traits, convergent adaptation may thus be obscured by 50 the fact that only some aspects will be functionally relevant and hence prone to convergent 51 evolution. 52
The house mouse (Mus musculus domesticus) is a highly successful global invader (Lowe et al. 2000) . 53
Being commensal, it followed the movement of people around the world and, consequently, is now 54 present on four continents. It colonized even remote and inhospitable environments, such as Sub-55
Antarctic islands. On these remote islands, the mice face considerable environmental stresses (Berry 56 et al. 1978) , with conditions widely departing from their usual commensal habits. These result in 57 strong selective pressures for adapting to the local environments that could trigger convergent 58 evolution. Among the traits that might be under selection, those related to food exploitation would 59 incisor and the bone, and 64 points were sampled at equal curvilinear distance along the outline 136 using the image analyzing software Optimas 6.5, from which 64 radii (distance from each point to the 137 center of gravity) were calculated. This series was analyzed using a Fourier-based method, 138 decomposing it into a sum of trigonometric functions of decreasing wavelength (harmonic), each 139 weighted by two Fourier coefficients (FCs). The zero harmonic A0 was used as a size estimator and to 140 standardize all other FCs. Seven harmonics (i.e. 14 FCs) were deemed sufficient for describing the 141 mandible shape and filtering measurement error (Renaud and Michaux 2003) . Compared to sliding semi-landmarks, outline analyses perform equally well (Sheet et al. 2006 ), but 148 allow a reduction in the number of variables, by retaining first harmonics only. In the present case, it 149 has the further advantage of quantifying mandible shape without relying on landmarks that were 150 used for biomechanical estimates, thus avoiding any risk of redundancy between the two datasets. 151
Shape differences were described into the morphospace defined by the first axes of a principal 152 component analysis (PCA) on the variance-covariance matrix of the FCs. Univariate differences 153 between groups in mandible size were investigated using a Kruskal-Wallis test and associated 154 pairwise Mann-Whitney tests using Past3 (Hammer et al. 2001) . 155
The PCA was run using the package ade4 (Dray and Dufour 2007) in the R environment (R-Core-Team 156 2017). Multivariate differences in mandible shape between groups were tested using a 157 permutational multivariate analysis of variance (Permanova; significance estimated based on 9999 158 permutations) on the 14 FCs using Past3 (Hammer et al. 2001) . 159
160

Biomechanical analysis of the mandible 161
The mechanical advantage is a measure of the efficiency of mandible geometry to transmit force 162 from the muscles to the bite point. It can be estimated as the ratio of the in-lever (distance from the 163 condyle to the point of muscle attachment) and the out-lever (distance from the condyle to the bite 164 point) (Hiiemae 1971 ). Out-levers (Fig. 2C) were estimated as the distance from the condylar 165 articulation (playing here the role of fulcrum) to the incisor tip, and to the first molar hypoconid. 166
Three in-levers were measured (Fig. 2C) . The effect of the deep masseter was approximated by the 167 distance from the condyle to the anterior boundary of the angular process, towards the ventral 168 margin of the masseteric fossa, where it attaches. The effect of the superficial masseter was 169 approximated by considering the distance from the condyle to the posterior tip of the angular 170 process. The distance from the condyle to the posterior tip of the coronoid described the action of 171 the temporalis (Anderson et al. 2014; Renaud et al. 2015) . The temporalis is mostly used together 172 with incisors for gnawing, whereas the masseter and molars are involved in the action of mastication. 173
The masseter also contributes to bringing the incisors into occlusion. Four mechanical advantages 174 were therefore considered: temporalis/incisor, superficial master/ incisor, superficial 175 masseter/molar, and deep masseter/molar. 176
In-and out-lever distances were calculated from landmark coordinates registered using TPSdig2 177 (Rohlf 2010a ). This set of six landmarks was also investigated using geometric morphometrics. The 178 coordinates were aligned, scaled and rotated using a generalized least squares Procrustes 179 superimposition. A principal component analysis was performed on the resulting aligned coordinates 180 using TPSrelw 1.49 (Rohlf 2010b ). Visualization of shape changes between group means were 181 obtained using the R package geomorph (Adams and Otarola-Castillo 2013) . 182
Finally, the values of the in-and out-levers themselves were considered. To discard any effect of size 183 differences between mandibles, they were computed from the aligned coordinates, hence being 184 standardized by centroid size (e.g. the square root of the sum of squared distance of each landmark 185 to the centroid of the configuration). 186
Univariate differences between groups regarding the in-and out-lever arms and the mechanical 187 advantages were investigated using Kruskal-Wallis tests and associated pairwise Mann-Whitney tests 188 using PAST3 (Hammer et al. 2001 The relative influences of phylogeny and climate on morphology were investigated using linear 203 models. The variables to be explained were (1) mandible shape, described by the set of PC axes 204 explaining more than 5% of variance, based on the outline analysis; and (2) the biomechanical ratios 205 considered separately. 206
The explanatory sets of variables were constructed as follows: 207
(1) Climatic data were extracted from the WorldClim database with a resolution of 2.5 arc-min 208 using the raster package (Hijmans 2014 are based on average monthly climate data for minimum, mean, and maximum temperature 218 and for precipitation for the period 1960-1990. They were summarized using a PCA on the 219 correlation matrix. Axes explaining more than 5% of variance were kept in the model. These 220 climatic data were used as a proxy of the local conditions, and hence, indirectly, of the food 221 resources available to mice. 222 (2) Phylogeny was first assessed using mitochondrial D-loop sequences. Fst distances were 223 computed among the six groups (France, Germany, and the four Sub-Antarctic islands). A 224
Principal Coordinate Analysis (PCOA) was performed on this distance matrix using ade4 (Dray 225 and Dufour 2007). The set of axes > 5% were retained in the linear model. 226 (3) Phylogenetic relationships between islands and Western European localities were further 227 assessed using the microsatellites data. The axes of the DAPC > 5% of variance were retained 228 in the linear model. Because of possible redundancy between both phylogenetic data sets, 229 separate models were built with D-loop and microsatellite data. 230
The percentage of variance explained (pve) by each set of explanatory variables and the 231 associated p-value were assessed using the R package ffmanova (Langsrud and Mevik 2012) . This 232 method is based on type II sum of squares, which has the advantage of being invariant to 233 ordering of the model terms; the ffmanova also handles colinear responses. It may inflate the 234 pve but allows an estimation of the relative importance of the explanatory variables. 235
236
Results
237
Phylogeny 238
Regarding the D-loop data, the continental Western European groups were highly variable ( Fig. 3A ; 239
Supp. Table 1 Regarding mandible shape, three axes of the PCA on the Fourier coefficients explained more than 5% 266 of the total variance (PC1: 49.8%, PC2 = 25.3; PC3: 11.8%, PC4 = 4.7%). On the first principal plane, 267
populations from Western Europe were grouped on one side of the morphospace (Fig. 4B ). All insular 268 populations were different from this reference shape (permanova P < 0.0001 for all pairwise tests). 269
Mandibles from the two Kerguelen islands, Cochons and Guillou, were shifted along the first axis 270 (49.8% of total variance). Mandibles from Guillou caught in 1993 were the most divergent along this 271 axis. Mandibles from New Island (Falklands) were divergent mostly along the second axis (25.3%). 272
Marion Island was slightly divergent from Western Europe along the second axis but mostly along the 273 third axis (11.8%) together with Cochons Island (Kerguelen) (data not shown). 274
These differences, although statistically highly significant, were subtle in terms of shape (Fig. 4C) . 275
Mandibles from Guillou, Cochons and New Island tended to display a reduced angular process. 276
Guillou mandibles also had a ventrally narrower molar zone than continental mice. Marion mandibles 277 displayed a pronounced angular process, originating from a smooth ventral edge of a ventrally 278 narrow molar zone. 279
Biomechanics 280
First, the geometric morphometric analysis of the six biomechanically relevant landmarks ( These geometric differences translated into differences in the scaled in-and out-lever arms ( Fig. 6 ; 291 Table 2 ). The most consistent patterns shared by all Sub-Antarctic populations and differentiating 292 them from continental ones were: (1) an increased incisor out-lever. A longer out-lever arm favors 293 speed to the detriment of force at the point of occlusion. (2) An increased temporalis in-lever arm. 294 (3) A decreased in-lever arm characterizing the tip of the angular process, approximating the action 295 of the superficial masseter. 296
These differences in out-and in-lever arms had consequences on the mechanical advantages (MA) 297 characterizing the main systems for biting ( Fig. 7 ; Table 3 ). The most consistent pattern is displayed 298 by the superficial masseter/incisor MA, for which all islands were highly significantly below 299 continental values, but did not differ between them (Table 3 ). All islands also strongly differed from 300 the continental values for the superficial masseter/molar MA, islands displaying lower values than 301 the continent, but differences existed between islands. The temporal/incisor MA tended to be higher 302 in Sub-Antarctic mice than on the continent, but this difference was less pronounced for Marion 303 island. Finally, the deep masseter/molar MA was the less consistent among islands, with Cochons 304 and New Island displaying values similar to the continent. 305
Overall, this resulted in a negative relationship between the temporal/incisor and superficial 306 masseter/molar MA (Fig. 7E ) (R = -0.584, P < 0.001). This relationship may reflect a trade-off existing 307 even within populations, since a similar relationship was evidenced within the well-sampled 308 population from Gardouch (R = -0.318, P = 0.008). 309
310
Relationship between morphology, phylogeny and climate 311 Models considering mandible geometry and biomechanical properties in relation to phylogeny and 312 climate were investigated. Sets of variables to be explained were defined as follow. (1) Mandible 313 shape was described by the first three axes of the PCA on the 14 FCs, these axes explaining more 314 than 5% of variance (see above). (2) Several biomechanical advantages were further considered 315 separately in relation to phylogeny and climate. Regarding explanatory variables, the sets of variables 316 were designed as follow. (1) Environmental conditions were summarized by the first three axes of a 317 PCA on the 19 bioclimatic variables of WorldClim. These three axes explained more than 5% of 318 variance (63.0%, 25.9%, 8.5%). The climate clearly opposes the continental localities to all Sub-319 Antarctic islands, Marion displaying the most extreme conditions. This set of variables will thus tend 320 to characterize the Sub-Antarctic environment vs. continental conditions. (2) The phylogeny based on 321 D-loop sequences was summarized by the first three axes of a PCOA on the Fst matrix (Supp. Table  322 2), all explaining more than 5% of variance (48.7%, 32.2%, 18.9%). (3) The phylogenetic relationships 323 based on the microsatellites were summarized by the first three axes of the DAPC on the 18 324 microsatellites (68.2%, 21.0%, 6.4% of variance, respectively). 325
Considering first phylogeny estimated by the D-loop, the model for mandible shape indicated a 326 primary influence of phylogeny (12.6%) and a lesser influence of climate (9.4%), both factors being 327 significant. 328
Regarding the mechanical advantages, all were primarily correlated with climate and only secondarily 329 with phylogeny (temporalis/incisor: climate = 18.1%, phylogeny = 9.6%; deep masseter/molar: 330 climate = 22.3%, phylogeny = 14.0%; superficial masseter/molar: climate = 37.5%, phylogeny = 331 10.4%; superficial masseter/incisor: climate = 17.9%, phylogeny = 3.1%). 332
These results were corroborated when considering the phylogenetic relationships based on 333 microsatellites. Phylogeny explained 12.6% of mandible shape, whereas climate explained only 6.1%. 
Functional adaptation to an increased role of prey catching 368
To focus on potential adaptive traits, the mandible geometry was also described by a simple set of 369 landmarks describing functionally relevant in-and out-levers. The geometry of this landmark 370 configuration shows, as the outline analysis, continental mice from Western Europe sharing a similar 371 zone of the morphospace, and Sub-Antarctic populations diverging from them in different directions. 372
Guillou and Marion mandibles appear, once again, the most different among Sub-Antarctic ones. 373
However, when considering in-and out-lever arms based on this geometry, some consistent patterns 374 emerged. Sub-Antarctic mice share an increase in the incisor out-lever. Such increased out-lever arm 375 is unfavorable to bite force, but favors velocity. Such trait facilitates the capture of prey and 376 accordingly, an elongated rostrum has been evidenced in insectivorous rodents (Samuels 2009 ). Sub-377 Antarctic mice further share an increase in the temporalis in-lever arm. The temporalis plays a role in 378 moving incisors into occlusion (Baverstock et al. 2013 ), another important aspect for catching prey. 379
An increase in the in-lever arm is favorable to increased bite force, and may compensate the 380 elongation of the out-lever. Sub-Antarctic mandibles also tend to share a decrease in the superficial 381 masseter in-lever, although this decrease is less pronounced for Marion mandibles. The molar out-382 lever and the deep masseter in-lever do not show consistent trends among Sub-Antarctic mice, 383 evidencing their mosaic divergence from the continental stock. 384
As a consequence of these differences in the in-and out-lever values, consistent differences 385 characterizing Sub-Antarctic mice also emerged when considering their ratios, i.e. mechanical 386 advantages, characterizing the biomechanical efficiency of the mandible tool. Three consistent 387 trends were evidenced. First, despite the increase of the incisor out-lever, the temporalis/incisor MA 388 is increased in Sub-Antarctic mice. In contrast, the superficial masseter/incisor MA is decreased. 389
Increased action of the temporalis and decreased contribution of the masseter have been described 390 in carnivorous murine rodents (Fabre et al. 2017 ). They may contribute, together with the increased 391 incisor out-lever arm, to an action favoring speed instead of force at incisor biting. This constitutes an 392 adaptation to the food resources of Sub-Antarctic mice, which largely prey on macro-invertebrates 393 share a similar morphology, the repeated evolution from this common ancestor morphology of 413 'insectivorous-like' biomechanical properties may be termed parallelism. However, continental 414 populations also displayed some differences, and the phylogenetic data clearly show that the 415 ancestral stocks invading each island were indeed different. We therefore favor the term of 416 convergent evolution, although in the present case, parallelism and convergence may be very close. 417
Tools can achieve the same function even when having differences in shape, leading to a many-to- Lionel Hautier for numerous discussions. Professor Robert Britton contributed to improve the writing 509 of the manuscript. We thank two anonymous reviewers and J.X. Samuel, as well as the editor Alistair 510
Evans, for their constructive and challenging remarks that greatly improved this study. fulcrum, in-lever corresponded to the distance from this fulcrum to the zone of muscle insertions; 717 out-lever corresponded to the distance from the fulcrum to the bite point. 718 . In-and out-lever arms describing the main biomechanical properties of the mandible 737 geometry. Out-levers were estimated as the distance from the condylar articulation to (1) the incisor 738 tip, and to (2) the first molar main cusp (hypoconid). In-levers were the distances from the condyle 739 to: (1) the tip of the coronoid (describing the action of the temporalis); (2) the tip of the angular 740 process (approximating the action of the superficial masseter); (3) the anterior boundary of the 741 angular process (approximating the deep masseter action). 742 
